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Hologr^hic datastoiage 



Simplified method for readout of holographic storage media 
Ibtrodnction ' 

In hologr^hic datastorage systems data stored in or to be recorded in a medium is usually 
organized in pages (data pages). For readout a readout beam impinging on a recorded 
5 holographic medium re-creates under the proper circumstances a previously recorded data 
page in the form of an image which can be detected by and readout via a pixilated detector 
like a two-dimensi<mal array of Ufijht detectors (for instance a CMOS or CC5D image sensor). 



Problem 

10 Due to variations in the diflScaction efficiency of the recorded datapages, power fkictuations 
in ae oulput powm of flie laser source, or other causes, the detected level can vary. 
Furthermore, due to misalignment arors between image and pixilated detector or noise 
sources, gray levels and in plane variations may occur over the pixilated detector, wfaich 
requires that the detector signals are being transported in analogue values to an A/D- 

15 convertCT. and after that thiou^ A/D conversion conyerted to the digital domain, requiring a 
bit depth of some 8 to 12 bits to get enough dynamic range and resolving powerAssolution. 
After transformation to the digital domain, tiie actaal data are detived through the use of eixor 
eorcection codes, etc. 



20 Since it is commonly known that imagc^^ensors have limited output-signal bandwidth per 
row or column of the array, introducrog an increased bit depth ft»r the A/D convecsion, win 
lead to a required bandwidth, which is larger than the ftvaiJable bandwidth of the imag&- 
sensor thereby limiting the total usear bitrate out of such aholographic data storage systam. 
The limiting effect on the bitrate of a hologt^hio data storage system is in part duo to flie 

25 timitatious of the imagO'Sensor. 



Solution and some embodiments 

We propose in the meUiod described below to drcumvent this problem by introducing a 
power balaniangmelhod for the laser powerinttie readout beam, and the use of only a 1 bit 
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2 08.12.2003 
output detector element tfaiough a simple decision ciicuit and thereby ^in^Iif^g the 
output substantially. 

Consider figure 1 which shows the typical distribution of gray-levels in a holographic system 
5 Ref:Burr et aLOptii? letters Vol 23 No4 (1998) pages 289-291 

raeisstreiQcn 

Alter 

SNR = 6.13 



One can see that there is a clear two-sided distribution 

The so-called pixels-strength in ttus p^er is indicative of the ou^ut value of the individxial 
detectors in the arrays and in order to denote a specific detector output representing a first and 
second output-level (for example a one and a zero, or on and ofiQ a decision-level has to be 
set discriminating between these two output levels. For instance in fbi$ example* this would 
lead to a pixel strength value of 60*70. 

The usual content of a data page to be recorded is a 50-50 distribution of on and off pixels. 
During readout the same 50-50 distribution would be es^ected in the image, yielding an 
average total load on Ibe detector which should be the same for each page, i.e. on the average 
20 the same distcibution is on the detector^ however the distribution in the page itself is of course 
random going finom one page to ano&er. Due to ihib said misalignment errors between image 
and pixilated detector or noise sources, gray levels and in plane variations may occur over the 
pixilated detector, whleh resnlf a in a different distrihution of on and o£f pixels. 

25 The method we propose now is the following Suppose we have devised a pbdlated doctor 
having a number of detector elements. After threshold level detection the individual detector 
elements can only have a two level on^ut rqpiesenfing the bitiary state of abit (a 1 or a zero). 



til* 
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3 08.12^003 
Ja a so-called threshold detection circuit, the output signal of a detector element crosses a 
certain threshold level (two-sided) the ou^ut of a dififerential amplifier, which maybe built 
into the detector el^ent, will flip ftom a first output level for a first impinging light inteosiiy 
range to a second output level fat a second inqiinging Ujght intensity range. 

5 

If one Ireqjs track of the number of on-states in file detector array vs. flie number of off states 
and axe a«Unst the laser power of the readout beam in such a way until these counts are equal. 
i^i«sen1ing the 5<V50 distribution, one has achieved the fi>llowing filings at the same time 

10 1. a floesholdlevd has been defined by adjusting the laser power 

2. the cmncvetsionfiom the analogue domain to the digital d om ai n ha s been done in the 
detector 

3. file bit dedslon is done in the detector itself 

4. noise ooniribulions, diher through fluctuations in the laser power, detecstor noise, oaf 
15 tran^ortation m the detector and henceforth have been diminishe d 

5. Ho analogue high speed ampUflers are requiied 

6. theiequkedbandwiddiperiow or column of the detector has been decreased 
drastically (going fiom 8-12 bit san^Ung to 1 bit) 

7. the ai1ititi'''T"*i piocesfflng power in the digtol domain has been reduced considMably 
20 8* the power conjunction ofihe system has been reduced 

The adaptation of the laser power in the readout beam has hi worst case to be on a data page 
to data page basis, hi more controlled recording and or readout conditions, one can use the 
same laser power (or fiireshold) for several pages, book or a whole medmm. 
25 hi a feed forward way one can also use a look-up table to pre-program the required laser 
power per hidividual data page, several data pages, book or the whole medram. 

Jt is preferred tiiat the number of detector elements having die first output level differs not 
mote than 20% with the number of detector elements having the second output level. 

30 

It is also possible fiiat only one threshold detection circuit is used fisr aU detector elements. A 
serial readout of fiie detector array is then required. 

Another possibiltt^ is usmg a detection circuit per row or cohmm of detector elem«its of the 
detector array. 
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CLAIMS: 



1. A hologrsQiiiic datastorage device forieadout of data fiom a holograpliic datastorage 
jnedium using a readout b earn and a detectioxL system, the detection system comprisiiig a 
detector having a number of individual detector elements and a flureshold level detection 
caicuit. the tibreshold detection circuit having a first output level for a first inq>inging lig^ 

5 intensity range and a second ou^ut level fi>r a second impinging light intensity range. 

2. A holographic data storage device according to claim 1 using a readout beam having a 
ligjit intensity and a light intensity conlzol circuit for adjusting said light intensity in such a 
way. that the number of detector el^ents having ffae first output level is about equal to the 

10 number of detector elements having flie second output level. 
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Mettiod to detect high resolutioa data below (he detector limit in hologcaphic storage devices 



S ]iitrodiiction 

Jn. state of the art holographic data storage devices, it i^ common use to store the data bits 
organized in pages (d^ pages) in a liologrs?>hic storage medium. 

These data pages consist of arrays containtDg individual bits of about equal size. 

10 

In the tead-owt phase of swsh a holographic datastorage medium an image reproduced is 
closely m^ed onto apixilated detector (for example a two-dimensional detector array), 
where usually a one to one bit to pixel match exists. In some cases, to reduce the burden of 
carefiil aligmnent between bits in the image and the pixels in the detector, an over-sampling 
15 melfaod is used, thereby using aplurality of detector- pixels to match one bit. Image 

processing is subsequetrtly being undertaken to deduce the actual data bits in 1h© data page. 

Problem 

Both methods sufler ftom the disadvantage liiat the pixels in the detector are coirelated in at 
20 least a one to one feshion with the data in the medium, and hence the cost of the detector goes 
up dramatically if one wants to increase the number of bits per data page. 

Solutions and some embodiments 

We propose a method here where there are more bits in the data page correlated with the erne 
25 phcel in the detector array. This can result in a lowerbiU of materials in the optical davc, and 
furthermore, also can lead to additional features such as fiaward compatibility and noise 
reduction of the system. 



The reader is referred to figure 1, in which we have Eleeiehed flie principle of the mefiiod. 
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Consider a hologr^Iue data storage device for reading out data bits organized in pages from 
a liolographic datastoiage medium, said device comprising a detector anay having detector 
elemeats having a first size in a first direction and a second size in a second direction 
perpendicular to said first direction, fiir readix^ out an image of a data bits having an imaged 
bit size haviqg a third size in said first direction at least a &ctor tv7o smaller than ^d first 
size, w^e said image of data bits and said detector array are scanned with reject to each, 
ofb^ in the fiist direction. 



Consider a datasequence 1 0 of individual bits» in x^ch each bit can have tvsro stages (for 
example on and ofE^ or high and low). Consid^ these bits as being one row out of many in a 
2 dimensLonal image of a data page recorded into a holographic data storage medium in ttv^ 

IS appropriate way. Suppose we have devised a detector 1 1, of substantial larger area than the 
minimum size of the modulations in the datasequence. At moment/jpoint in time Tl a 
particular subset of that bitsequence is imaged upon this detector and a certain detector output 
is being generated* In tliis example, were a shaded area is indicative of high intensity and a 
light area of low intensity in Ifae imaged databit sequence, the output of the detector at Tl 13 

20 3. Su|)pose in a later readout timeslot the image of the databit sequence has shifted by one bit 
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7 08.12.2003 
in ifae seqoeoce, and ftom that we detect at a momenVpoiat in time T2 a value of 4. Going on, 
file output at T3 is the vahie 3 and at T4 Ihe value 2. 

If we look at -vrfiat has likened and put this in below tratb teble we can deduce the 
following lo^c 

Left bit in right bit out delta (in - out) 

1 1 0 

1 0 1 

0 0 0 

0 1 -1 



Table 1. Truth table conesponding to jSgore 1 



10 

Ra&ec Iban taking the abisobite value of the detector ov^ut, we can derive ftom the 
di£fereuce betweai the values of Hie individual momente iu time flie tzan^ticms that have 
occuned. and hence what the individual bits in the sequenoe have been. 
In fbis way we oan leponsliuct &6 dalasequenee in total, whereas the resolution of flie 
IS deteotoianay is less &aa the individual bits in the imaged datsftages. 

If one eoAsideis the pitch of ttte individual detector elements in the detector anay and define 
that distance being equal to 'ar and fl»e pitch databits in the iuMged datqiage defined 
being *bl then the required number of st^s to be taken «ie deduce the con^lete sequence 

20 again is being given by *al/bl'. 

"When ttris is siibstantiany an Integer the system can be made rdative simple using diser^ 

steps to readout the datasequence. 

Whrai this is not an integer one can also peifi>nn a eontimmus scan, while using for exan^Ie 
a clock regenerated fixnn the data to define the propareadont moment 
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Xhd scanning can be introduced automatically if one considers for example a holographic 
data storage system that is based on angular multiplexing. In such a system the individual 
data pages are recorded as multiplexed holograms through varying the angle between th& 

5 referencebeam and the encoded databeam 

During readout an angular scanning device^ Ulce a galvano minor, can be used to set the 
correct angle of the readout beam and hence read out the recorded datapage. If one scans this 
galvano mirror within a small angle around the optimum required for each datapage one also 
automa:tically gets a d^placement of the image in the detectorplane and hence this results in 

10 the required scanning described as above. 

One can also put a displacement element in front of the detector array. Examples of a device 
that can displace the image over the detector array ape a galvano minors an LC based wedge 
device, or an electrowetting based deflection device. 

15 

AXL enhanc^ent of the method described above is shown in below figure 2. 
Consider a holographic data storage device £br reading out data bits organized in pages from 
a hologr^hic data storage medium, said device comprising a detector array having detector 
elements, each detector element having detector segments, each detector segment havmg a 
20 first size in the fir^ direction and a fourfti size in the second direction, said detector segmrats 
being mutually displaced in said first direction, said displacement being less that said first 
size of said detector segment 
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difference 
Det2-Detl 

-1 



1 
1 



Figure 2. 



5 In tbis method we have not used a single detector dement as in liw previons description, but 
one divided into two detector segments (jpieferably halves) denoted as Detl and Det2 and in a 
similar matter positioned and scarajed the datasequeoce over this set of deteotoisBgmeots and 
found a tntfli table as described in the left of ihe ^ove figure. If the detector layout is 
arranged in sttch a way diat the difiRsf ence signal between both detector segments are 

10 measured electronicaUy immediately (radiBTthanfitst reading Ottttbe values 

detectorsegment individoaUy and then subttacting the vetoes) one has flie additional 
advantage of subtracting (like oommonrmode rejection) for example background noise due to 
the laser source, strayUght, or daiknoise of the detector and hence end up wito a m»oh cleaner 

signal- 
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CLAIMS: 



1. A holographic data storage device for reading out data bits fiom a hologt^hic data 
stoxage medium, said device con^iislng a detector array having detector elements having a 
first size in a first dir^oai and a second size in a second direction perpendicular to said first 
direotion» for reading out an image of a data bits having an imaged bit sise having a third size 

5 in said first direction smaller than said first size, were said image of data bits and said 
detector array are scanned with reject to each oth^ in the fiist direction. 

2. Aholographic data storage device according to claim U wherein said &ird si^ a at 
least a &ctor two smallcsr than said first size. 

10 

3. Ahologrs^ihic datastorage device according to claim 1, ^h detector elemoat having 
detector segments, each detector segment having a first size in the first direction, said 
detector segments being mutoally dis|»laced in said first direction, said displacement being 
less fliat said first size of said detector segmeot 

IS 

4. A holographic data storage device according to claim 3, wherein each detector 
segment has a fourth size in the second direction, said fourth size being smaller than said 
second size. 
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MeOiod to encode pages mliologca|>bie storage systems 



5 Bdckgroimd 

In holo^^^ storage systems as they have beea developed recently, a 2-dimensional data 
page is stored fhtough interfbieace of two coherent lightbeams coming ftom a common laser 
wurce (5) (see also Ihe setup in the schematic figure below), where one of the beams is 
encoded by a data aicoder (3), for instance a two dimensional Hghtmodulator (2D-IM). 
10 Atthott^hereatiansmittive 2D-IM is shown, also areflective type can be used, resulting in 
adii&ieatsetqp. 

Two beams 60 and 7 are formed by means of a beamspUtter 2 and minor 4. A first beam 60 
(data beam) is propagating along a first optical axis throng a 2D-JM resulting in an encoded 
databeam (61) and a second beam (7) (reference beam) is propagating along a second optical 

15 axis. A suitable holographic storage medium 1 is placed at Ihe intersection between said two 
beams and preferably through index of refraction changes in the medinm, a "grating" pattern 
(or interference pattern) is created in ihe volmne of the medium. Readout of a recorded data 
page can be done by impinging areadout beam (7) on Ae medium, which through refiactioa 
of this laserbeamby the grating in the medium creates an image beam, which image beam 

20 can be used to create ao image of the recorded dala page. This image can be projected onto a 
pixilated detector. 
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Tbere are several mefliod$ to store several of these dat^ages ia Ibe same voliime, vvhlcb can 
be uulivlduaUy read out by changmg either the impinging angle of the reference beam, 
wavelength^ the polarization, etc, etc. The read^ is refened to existing articles on 
5 hologr^bic datastorage. 

Problem 

The amoimt of individual data bits in a page is limited by several factors, but the main reason 
is the number of individually addressable elements in the data encoder, here a 2D- 
10 lightmodulator. An example of a 2D-Ughtmodulator can be an two-dimensional Liquid 
Qystal modulator, which can have individually addresisable elemmts up to several 
megapixels. Although a lot of progress has been made in this area, mainly due to tihe 
development of these elements for projection-displays, there are still several sesv&o 
shortcomings with these devices. 
15 1* First ofaU the size ofiiiese modulators requires a lot ofspace and extended 

homogenous lasetbeams, which are difScult to realize especially if one would lilce to 
miniaturize the storage system. 
2» In the case of a hi^ nmnber of pixels complex electronics is required which leads to 
additional cost and powerconsunq>tion 
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3. A high pixelcownt ia the modtdator is mote difficult to make than a lower one, thus 
inca^asing the cost of the device 



Holographic storage media are usually cumulative ones, meanmg that for example tiie change 

5 of index of reftaction is proportional to the total amount of photons impinging on flie 

material. This proportionality relation is not always a linear dependence, however is always 
monotonically increasing. To maximisse the number of dat^ages that can be stored, a careful 
balance is to be made between flie ultimate index of refraction change (index budget) thai can 
be achieved versus the consumption of refractive index change per data page. In this trade-off 

10 the upper hmit of pages that can be stored, is determined by the difi&action efficiency of an 
individual data page and the noise in the system. As an example consida a material which 
upon complete ilhmiination would have a index of refraction change of X. One could choose 
to store only one data page at a particular location, which would lead to a very high 
diffraction efficiency of the readout beam, and thus a high intensity of the image beam. This 

15 very high diffraction effidcncy wiU make it possible to detect this page wiHi a high signal to 
noise ratio. One could also choose to store 100 pages in the same location, eacli data page 
only consuming only 1/100 of the total index budget, and therefore 100 times toweritS^ity 
of the related image beam per data page. Noise contributions in total system with respect 
to the sigmil of the detector then detemcune whelher flie recorded data can be retrieved 

20 leli^le. 



Solutions and some embodiments 

Now we know that the tecoiding medium has cumulative diaracteristics and that a 
25 holographic data storage system can be devised in this way, one couki also use fliis 
characteristic to circumvent the issues related to the data encoder. 

Consider the figure below, which shows a certain amount of element (pixels) in a 2D- li^ 
modulator 10 to be described. Each element 1 1 havhig an area comprises a sub-area 
30 (whidow)l2tbatisusuallyopticanyactiveandcanbemodulated,resuItinginach^ 
optical properties. Note that the window can either be transmissive or reflective. Also note 
^tfae 2D-lightmodulatnris characterized by having aphwality of individually addressable 
elements, that eadi element has at least one sub-area smaller Hian tii© area of the dement 
itself In the figure these windows are drawn as squares, but can have any sh^e. It can also 
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be that not all rows of elements have identical xvindow shapes. The same could be valid for 
ihe column. 

So, above we considered a holographic data storage device for r^ording data encoded in bits 
S in a holographic data storage medium (1), a number of said data bits being organized in a 
data page, said device comprising a data encoder (3) for forming an encoded data beam (61) 
of Ihe data page, said data mcoder comprising a number of individually addressable elements 
(1 1), each element having an area and at least one optically active sub^ea (12) that is 
smaller than said area, said number of elements being at least a &otor two smalls than said 
10 numb^ of bits in said data page. 

Recordiag cm be done in several ways. 

The 2D light modulator can be used in combination with a displacement of the encoded data 
1 5 beam 61, for instance by means of an element that can deflect the whole encoded data beam. 
Such an element can coi^ist for example of liquid crystal device. 

By a proper combination of exposm^e and displacements of the encoded data beam, a data 
page can be constmcted, which has individual data bits d^tennined by the windows in the 
20 2D"liglit modxilator, and a total count detemoined by the numb^ of individual elemental 1 
times the number of exposures needed to fill up the whole area of the element. 

SOf here we have proposed a holographic data storage device for recording data encoded m 
bits in a holographic datastorage medium (1), anumber of said data bits being organized in a 
25 data page, said device comprisrog a data encoder (3) for fi>imixig an encoded daiabeam (61) 
of said data page and an aotuatOT for mutually displacing said medium and said encoded data 
beam. 

In another embodiment a mechanical displacement of die whole modulator in directions 
30 perpendicular to the &st optical axis will result in the same effect 

The amount of displacem^ots as well as directions depends on the shape of the window in the 
elements of the 2D ligjxt modulator* 
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Depending on the shape of the window it can be that not the whole area of the element will 
be filled vp, but only a substantial part. 

Doing so, one can use a low pixelcount modulator and still obtain a high-resolution datapage. 

5 




10 



Hie ejqiosuie process needs aome darification. Sv|^k>s6 we have devised a 2D Ugbt 
10 modulator in suxdi a way that it takes 'd* displacements to fiUt^fhewlra^ 

1 1, If we would need *f fhience (Jr/cm2» or number of photons) to get lite requited change of 
indacofmfiaction in the medium for the datapage in case we would harve the window 12 be 
as large as ttie area of the element 1 1, we now need to expose the materid witii HA [J/cm2] hi 
eachiJhmimation step. Afler 'd' steps (so, d+1 iUumination steps) the whole data page is 
15 recorded, and the material is e^sed wifli the required flueoce T . 

One can extend this mefhod to increase the data density even more by hi^tenenting at least a 
oae dimensional run-lengOi limited code, hi conventional optical storage systems like CD or 
DVD a code is used based on the minunum size of tite dif&action limited ^ot and small 
20 increments that are a ftaction of that nrinhuimi size. 
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In a diffraction limited system, each pixel (or data bit) has a fixxite size which is detennined 
by tiie modulation transfer function of the system. One can perfonn the same trick here, by 
choosing the displacem^t 'd' in such a way that the windows 12 in 
subsequent steps overlap. Care has to be taken for proper exposure. 

5 

From the above description it is also clear that during readout a low coxmt pixilated detector 
could be used with similar ways to perfonn tb& scanning of the higher density recorded data 



page. 
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CLAIMS: 



1. Ahologri^hic data storage defvice for reawding data encoded in bits in ahologr^hio 
data storage medium CI), a number of said data bits being organized ia a data page, said 
device conning adata encoder (3) f6t fiwrning an encoded data beam (60) of Ifae data 
page, sMd data encoder conqBifiinganunaber of individually addressable elements (11), each 

5 element having an area and at least one optically active sub-area (12) that is smaJlerlhan said 
aiea, said number of elements being at least a fector two smaller than said number of bits in 
said data page. 

2. Aholog«a?»hicdataslioragedeviceforiecoidingdataencodedinbit8inaholographio 
10 datastoragemedium(l)»annmberofBaiddatabitsbeiDgorgamzedinadatapage, said 

device comprising a data encoder (3) for fenning an encoded data beam (61) of said data 
page and an actuator fx mutuaUy displadng said medium and said encoded data beam. 
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